Introduction
Hepatic encephalopathy (HE) is a complex neuropsychiatric disorder associated with liver dysfunction. The cellular and molecular mechanisms underlying HE are complex, but there is a consensus that an excessive accumulation of ammonia in brain is a primary causative factor (for reviews, see [1, 2] ). Ammonia mainly affects the metabolism and function of astrocytes, leading to impaired astrocytic-neuronal interactions and the ensuing imbalance of neural transmission [3] . Ammonia induces astrocytic swelling [4] which is the primary cause of cerebral edema, resulting in increased intracranial pressure and brain herniation, a sequence of events often leading to death in patients with HE [5] . Increase of blood ammonia level, along with EEG abnormalities and impaired psychometric scores, are among key parameters used in the clinical grading of patients with HE [6] .
Since in brain ammonia is initially metabolized to glutamine (Gln), it is not unexpected that HE in humans and experimental animals is usually associated with increased brain and cerebrospinal fluid Gln content [7] [8] [9] . This increase is particularly pronounced in acute hyperammonemic conditions where brain Gln levels reaches 10 mM concentration in the extracellular space in comatose patients with HE; i.e., a $20-fold increase above the control levels [10] . Gln is an essential precursor of the neurotransmitter amino acids glutamate and GABA, as well as an important energy metabolite in brain (for review, see [11] ).
For decades the formation of Gln was generally viewed as the principal means of ammonia detoxification. However, in recent years a more sinister aspect of Gln was uncovered; namely, that when synthesized in excess in brain it appears to mediate key aspects of ammonia neurotoxicity. Here we provide supportive evidence in favor of this view. We focus on astrocytic mitochondria as a primary target of Gln, but also hypothesize on the potential role of Gln fluxes to other compartments of the CNS, and speculate how ammonia could affect critical steps in these fluxes. We also discuss recent data indicating that Gln may contribute to ammonia toxicity in other neural cells, e.g., neurons and microglia.
Glutamine as a mediator of ammonia neurotoxicity: experimental demonstration of the phenomenon
In the pioneering study of Warren and Schenker [12] , the glutamine synthetase inhibitor methionine sulfoximine (MSO) was shown to increase the survival of rats acutely exposed to toxic Biochemical Pharmacology 80 (2010) [1303] [1304] [1305] [1306] [1307] [1308] concentrations of ammonia. Unexpectedly, the beneficial effect of MSO became apparent despite the concomitant increase of blood and/or brain ammonia. In hyperammonemic rats or in rats with HE, MSO reversed the biochemical manifestations of ammonia toxicity such as depressed glucose consumption, increased blood-brain barrier transport of aromatic amino acids and other abnormalities (Table 1) . MSO administration also attenuated ammonia-induced brain swelling, as manifested by a return of the brain water content to normal (Table 1) . In the aforementioned studies, MSO not only decreased cerebral Gln content but it also substantially raised blood and brain ammonia levels. At the cellular level, MSO reduced swelling of astrocytes and pericytes in vivo [13, 14] , and decreased ammonia-induced swelling of cortical astrocytes in culture [15] . Pathophysiological manifestations of HE, including an increase of cerebral blood flow and intracranial pressure [16] , excessive potassium accumulation in the intracellular space [17] , and impaired vascular reactivity to CO 2 [18] were also corrected by MSO.
Brain Gln content correlates with advancement of symptoms in patients with HE
The development of the NMR technique led in 1990 to the first demonstration of increased Gln content in the brain of a symptomatic HE patient [19] . It was later demonstrated that the cerebral Gln content positively correlated with the HE grade [20] . More recently, a bedside brain microdialysis study revealed that in patients with acute HE awaiting liver transplantation due to cirrhosis, cerebral (microdialysate) Gln correlated well with blood ammonia, and with the increased intracranial pressure observed in these patients [10] . Altogether, these findings strongly implicate Gln in the pathogenesis of HE.
Toxic effects of glutamine in the CNS are triggered by its accumulation in astrocytic mitochondria
In 1986 Brusilow and Traystman [21] proposed an interesting hypothesis regarding the potential role of Gln in the mechanism of brain edema in HE/hyperammonemia. These investigators posited that by acting as an osmolyte Gln caused an increase in osmotic pressure in astrocytes which resulted in their swelling. This interpretation assumed the predominant localization of the newly synthesized Gln in astrocytes. The authors considered that as astrocytes account for $30% of cortical volume, a concentration as high as 30 mM of Gln could be reached in these cells. While an attractive possibility, the available data, however, make this concept difficult to accept. First, Gln accounts for not more than 1.5% of the sum of osmolytes (ions plus small-and medium size soluble molecules) residing in the brain [22] . Second, a significant proportion of newly synthesized Gln rapidly leaves astrocytes, both by diffusion and by specific Gln transporters (mainly the Nsystem transporter SNAT3) [23] which reduces Gln overload in the cells. Furthermore, an increase of brain Gln during HE is accompanied by loss of different low MW osmolytes, including myo-inositol, taurine and betaine [9] . Perhaps the strongest argument against the osmolyte hypothesis comes from a study demonstrating a negative correlation between astrocyte glutamine levels after ammonia treatment and the extent of cell swelling [24] . Regardless, the notion that glutamine plays a key role in the mechanism of brain edema in acute liver failure represents an important concept put forward by Brusilow and coworkers.
The current interpretation is that Gln impairs mitochondrial function secondary to its excessive accumulation in mitochondria. In cultured astrocytes, inhibition of Gln synthesis by MSO suppressed ammonia-induced formation of reactive oxygen species (ROS) [25] . When added directly to a non-synaptic mitochondrial preparation [26] or cultured astrocytes [27] , Glninduced mitochondrial permeability transition (mPT) and mitochondrial swelling. In either case, this effect was blocked by the mPT inhibitor cyclosporine A (CsA), and by an inhibitor of mitochondrial Gln uptake, histidine. Recently, the finding with histidine was verified in an in vivo setting in that histidine administered i.p. prevented the brain edema in rats with thioacetamide-induced liver failure [28] . In unpublished observations we found that histidine completely blocked (i) the overexpression of astrocytic aquaporin-4 in brains of rats with thioacetamide-induced acute liver failure and (ii) the ammoniainduced activation of NF-kB and MAPKs -factors that are activated by ammonia and whose activation contribute to cell swelling/brain edema [24, 29] . Gln added in the absence of ammonia dosedependently increased ROS synthesis in astrocytes, and this effect was suppressed by CsA [30] . CsA also attenuated Gln-induced swelling of non-synaptic mitochondria [26] .
In contrast to Gln, ammonia did not induce mPT or mitochondrial swelling indicating that its direct entry to the mitochondria may not be efficient enough to exert a deleterious effect [26] . However, Gln uptake to mitochondria was increased in the presence of elevated ammonia levels [31] . This indicates that in hyperammonemic conditions, ammonia accumulating in excess in extramitochondrial cell compartments may potentiate Gln toxicity by facilitating its entry to mitochondria. 
Intramitochondrial degradation of Gln by phosphateactivated glutaminase (PAG) is a prerequisite for its gliotoxic action: the Trojan Horse hypothesis
Maximum cell volume increase in ammonia-treated astrocytes occurred at a time when their Gln content had already returned to control values [29] , implicating a Gln-dependent process (likely ROS and/or the mPT) in the mediation of astrocyte swelling rather than the Gln molecule per se. In support of this mechanism, swelling of ammonia-treated astrocytes was prevented by the glutaminase inhibitor (6-diazo-5-oxo-L-norleucine; DON) [29] . Of note, inhibition of mitochondrial Gln transport by histidine, which ameliorated Gln toxicity in different experimental settings (see above section), specifically involves a Gln pool of an as yet undefined origin and location which is easily accessible to intramitochondrial deamidation [32] . On the basis of these results, a ''Trojan Horse'' hypothesis was formulated [33] ; excess Gln accumulating in astrocytic cytoplasm (the Trojan Horse) crosses mitochondrial membrane and unloads in mitochondrial interior excess ammonia. The Gln-derived ammonia triggers mitochondrial impairment, and an ensuing chain of deleterious events leading to astrocytic dysfunction, swelling and brain edema. Current evidence suggests that the tricarboxylic cycle and the malateaspartate shuttle enzymes are the primary astroglia-specific mitochondrial targets of ammonia [34] [35] [36] [37] .
Gln fluxes from astrocytes to other CNS compartments as potential target of ammonia
In situ the availability of Gln for entry to astrocytic mitochondria will not only depend on its excessive accumulation in that organelle, but also upon the rate at which it is cleared from the cells. Only a fraction of newly synthesized Gln will be transported to astrocytic mitochondria as a significant proportion will exit astrocytes and enter neurons, to give rise to the amino acid neurotransmitters glutamate (Glu) and GABA, reflecting one component of the glutamate Glu/Gln cycle [11] . The direct effect of ammonia on Gln efflux from astrocytes, or its uptake by neurons, have not as yet been investigated. Of note, MSO -the agent used in the aforementioned studies to inhibit GS, induces a massive efflux of Gln from astrocytes in an in vitro system [38] . To what extent this phenomenon affects the interpretation of the Trojan Horse mechanism is unknown.
A certain proportion of astrocyte-derived Gln will leave the CNS via the cerebral capillary endothelial cells forming the blood-brain barrier [39] . Increased Gln transport has been demonstrated in cerebral microvessels incubated with ammonia [40] , or microvessels derived from rats with HE [41] . Increased Gln efflux across the blood-brain barrier could favor the efflux of Gln from astrocytes and thereby alleviate the toxicity of Gln on astrocytic mitochondria.
Gln transport in CNS cells participating in the different components of the Gln/Glu cycle is mediated by multiple carriers, some of which are either cell-specific or dominate in a given cell type. Gln uptake to, and efflux from, astrocytes occurs mainly via the system N carrier, SN1 (SNAT3) [23] , whereas Gln uptake to neurons involves the system A carriers SAT1 and SAT2 (SNAT2, SNAT1) [42] . Gln transport from brain to blood is mediated by carriers belonging to systems A, N and ASC [39, 43] . Effects of ammonia and HE on the expression and/or activity of astrocytic or neuronal Gln transporters has not been investigated as yet. Stimulation of Gln efflux from cerebral capillary endothelial cells occurs in exchange for tryptophan and other large neutral amino acids and as such has been suspected to involve system L [40, 44] . However, the effect on the expression of system L isoforms has not been investigated, and the role of system N has not been examined.
The activity of the N system-mediated Gln efflux from astrocytes is controlled by Glu released from neurons [45] . Hyperammonemia or HE is invariably associated with increased Glu accumulation in the extracellular space of the CNS [44, [46] [47] [48] , an effect related to decreased astrocytic Glu uptake [49] [50] [51] . This increased extracellular Glu may promote increased astrocytic Gln efflux. In favor of this concept, extracellular brain Gln content is often found increased in hyperammonemia or in animal models of HE [44, 52] or humans [10] . Alternatively or additionally, the increase of extracellular Gln may be a direct result of increased GS activity, which is strongly pronounced at the early stages of HE (see [53] for review), and may be promoted by increased extracellular Glu [54] .
While intracellular His is a well documented inhibitor of mitochondrial Gln transport [26, 55] , extracellular His competes with Gln for the cell membrane N system transport in astrocytes [23] . Since in astrocytes the N system carriers mediate both Gln efflux and influx, part of the cerebral edema-ameliorating effect of His during HE [28] could have been due to inhibition of Gln re-entry to astrocytes. The above considerations further substantiate the need to analyze the response of astrocytic Gln carriers, in particular N system carriers, to ammonia exposure in situ and in vitro.
Aspects of ammonia neurotoxicity that appear not to correlate with increased brain Gln levels
A few studies have suggested that the accumulation of Gln accumulation may not be critical in the development of cerebral edema and other manifestations of acute HE. Close analysis of the evidence indicates that this may not be the case. Two studies explored the utility of mild hypothermia as a treatment modality for the brain edema associated with HE. The first study found that hypothermia delayed the development of brain edema in portacaval shunted rats infused with ammonia, without similarly correcting the ammonia-induced rise in cerebral glutamine content [9] . A later study using a combined 1 H and 13 C NMR spectroscopy demonstrated that while the cerebral edema in rats with acute liver failure was associated with an increase in Gln brain content and glucose-derived products (lactate and alanine), the amelioration of the edema by mild hypothermia was associated with reduction in brain alanine and lactate levels, but not Gln levels [56] . It must be noted, however, that hypothermia decreases brain metabolism and more importantly, decreases CBF which would impact on the severity of intracranial pressure (it would decrease it) [57] . Also, the Gln concentration provided does not define in what compartment the Gln is located (intracellular vs. extracellular), nor its distribution within cells of the same type. Hypothermia has many effects on the CNS and its failure to influence Gln levels cannot be taken as evidence that glutamine does not play a pivotal role in the pathogenesis of the brain edema in ALF. Ammonia-induced swelling of cerebral cortical slices was prevented by NMDA receptor antagonists and scavengers of oxygen and nitrogen free radicals, supporting the role of oxidative/ nitrosative stress in brain edema; however, improvement occurred despite the Gln content in the slices remaining elevated [58] . Likewise, (1) Gln may not exclusively reside in astrocytes, and (2) attenuation of oxidative/nitrosative stress (ONS) could have directly decreased energy metabolism, making brain tissue less sensitive to the mitochondrial dysfunction exerted by Gln. Analogous to the effects of hypothermia, reports on the amelioration of ONS are not to be viewed as contradictory to the Gln/Trojan Horse theory.
In ammonium acetate-treated rats, the transition of behavioral manifestations of HE from moderate to precomatous stage (stage III) or to coma (stage IV) was not prevented by inhibition of Gln synthesis with MSO [59] . The following factors may explain these apparently contradictory findings: (1) neurobehavioral manifestations of advanced HE develop in part independently of brain edema [60] ; (2) instant elevation of ammonia by MSO treatment could have superimposed a component of ammonia toxicity on the preexisting mitochondrial dysfunction caused by Gln; (3) impairment of mitochondrial function by Gln at moderate levels of HE could have sensitized the brain to MSO, effects independent of its inhibition of GS. Moreover, MSO is a convulsing agent frequently used to model epileptic discharges in animals [61] , which at the cellular level is associated with increased glycogen synthesis in astrocytes [62] , a reaction also directly evoked by astrocytic swelling [63] . As judged from studies in in vitro systems, MSO inhibits Gln uptake in one or more CNS cell types in brain slices [64] , and induces a massive Gln efflux from astrocytes [42] . Taken together, caution must be exercised when attempting to implicate a role of Gln solely on the basis of the effects of MSO, which under certain experimental conditions may overemphasize Gln-unrelated manifestations of ammonia neurotoxicity. It will be worthwhile to use in the future studies other, potentially less toxic interventions to manipulate GS activity; of these GS knockdown by siRNA would appear to be the method of choice.
Effects of Gln at targets other than astrocytic mitochondria

Attenuation of the NO/cGMP pathway activity
Alterations in NO and cGMP levels play varied and independent roles in the pathogenesis of HE. In acute HE, increased NO synthesis, often associated with the activation of NMDA receptors, contributes to oxidative/nitrosative stress (reviewed by [65, 66] , and elevated cGMP level serves as marker of this activation [47, 67] ). A recent microdialysis study showed that increasing extracellular Gln in the brain to levels found in patients with acute HE, caused a decrease in NO and cGMP production in both normal and ammonia-exposed brain. This occurred by limiting the transport of the NO precursor, arginine (Arg), most likely via the hybrid y + LAT2 system for which Gln and Arg compete [68] . Whether interference of the NO/cGMP pathway by Gln is beneficial or detrimental for the HE-affected brain is unknown. The implications may differ in different stages of the disease. In acute HE, decreased NO synthesis might ameliorate symptoms by decreasing the severity of oxidative/nitrosative stress, including astrocytic swelling, an event to which protein kinase G activation contributes [69] . Chronic HE is associated with a deficit in cGMP, ) is incorporated (''detoxified'') into glutamine (Gln) in astrocytes (and perhaps microglia) by the amidation of glutamate (Glu) to glutamine (Gln), a process catalyzed by glutamine synthase (GS). Gln accumulated in astrocytes (i) crosses the mitochondrial membrane and is hydrolyzed by phosphate-activated glutaminase (PAG) to glutamate (Glu) and NH4 + , and (ii) exits astrocytes preferably by the system N (the SNAT3 transporter) which is controlled by extracellular Glu, and partly by system L in exchange for large neutral amino acids (NAA). The Gln that leaves astrocytes enters neurons mainly via system A to be converted to the amino acid neurotransmitters Glu and GABA, and possibly by system y + L (the y + LAT2 transporter) in exchange of Arg, which serves the purpose of modulating the availability of Arg for NO synthesis and thus may influence the rate of the NO/cGMP pathway. A portion of Gln derived from astrocytes leaves the CNS via the L and N systems that are localized in capillary endothelial cells that forms the blood-brain barrier, some of the Gln may enter the microglial cells and modulate their function. which may be responsible for cognitive and memory impairments [70] . Whether in chronic HE Gln inhibits cGMP synthesis in neurons remains to be investigated. If it does, it will add a role for Gln in the cGMP-dependent impairment in memory and cognition. Clarification of whether Gln interferes with Arg transport in neurons, astrocytes or both is needed to better understand its pathophysiological impact. The NMDA receptor-mediated activation of the NO/cGMP pathway by ammonia was originally thought to occur mainly, if not exclusively in neurons. However, evidence indicates that this pathway also occurs in astrocytes [71] , where it likewise contributes to oxidative/nitrosative stress ( [72] , and references therein). The issue is further complicated by the paucity and inconclusiveness of data regarding y+ LAT2 expression in the different neural cells [73, 74] .
Gln as a Trojan Horse in microglia?
A recent study documented that exogenously added Gln causes apoptosis in a microglial cell line and that this effect was prevented upon inhibition of Gln degradation by the PAG inhibitor, DON [75] . Also, Gln mimicked ammonia in producing the oxidative stress response in these cells. However, the findings remain to be confirmed with native microglial cells where GS activity has not been definitively demonstrated. These findings also require their validation in an in vivo HE model. More work is needed to interpret the effect observed in the microglial cell line as another pathologic manifestation of ammonia leading to the ''Trojan Horse'' pathway as reported for astrocytes.
Concluding remarks
The available evidence suggests that the most profound effect of excess of Gln accumulating in the CNS during HE is an impairment of mitochondrial function in astrocytes. This results in the intramitochondrial liberation of ammonia, induction of the mPT and the generation of free radicals resulting in astrocytic swelling and brain edema. Deregulation of the NO/cGMP pathway by Gln due to interference with Arg transport across the cell membrane and the promotion of microglial apoptosis represent potential new factors in the mechanism of HE, but whose physiological significance requires further investigation. The actions of Gln at different targets are likely to be operative in the pathogenesis of HE, and this in turn may be complicated by the effects of ammonia or Gln itself on the transfer of newly synthesized astrocytic Gln to other compartments of the CNS (Fig. 1) . Influencing the synthesis of glutamine, its metabolism, and intra-, extracellular transport may yield promising novel therapeutic approaches for HE and other hyperammonemic states.
